Abstract Single-crystal X-ray diffraction at pressures up to 50 GPa has been employed to study the compression behavior of Sm 2 Ti 2 O 7 -pyrochlore. In contrast to earlier reports, we observed no pressure-induced amorphization or pressure-induced anion disorder up to 50 GPa. The experimental study has been complemented by density functional theory-based calculations. A combination of the theoretical and experimental data yields a bulk modulus of %185 GPa, significantly higher than a value which had been reported earlier. In comparison to earlier work, the current study provides more reliable data due to the use of neon as a pressure medium, which provides a more hydrostatic pressure than the aluminum, which had been employed as a pressure medium in the earlier studies. An analysis of the compressibility of Al 2 B 2 O 7 pyrochlores shows an approximately linear dependence of the bulk modulus on the unit cell volume.
Introduction
Compounds with the composition A 2 B 2 O 7 that crystallize in the pyrochlore structure have attracted significant attention, as they display a large variety of interesting physical properties. Numerous reviews have been published, in which their crystal chemistry [1] , their unusual magnetic behavior at low temperatures [2] , or their use as a matrix material for nuclear waste disposal [3] have been discussed.
Several studies have been published concerning the high-pressure behavior of A 2 B 2 O 7 pyrochlores, but generally, these studies have been limited to a qualitative interpretation of X-ray diffraction patterns or Raman spectra [4] [5] [6] [7] [8] [9] [10] . Specifically, the high-pressure behavior of Sm 2 Ti 2 O 7 has been studied by [6] and [7] . In these two studies, a single set of X-ray diffraction measurements was interpreted to show partial amorphization at 51 GPa, and from complementary Raman measurements, it was inferred that above %34 GPa anion ordering occurs. The authors came to the conclusion that at 40 GPa, Sm 2 Ti 2 O 7 crystallizes in a distorted pyrochlore structure. In the powder diffraction experiment by [6] and [7] aluminum was employed as a pressure-transmitting medium, which was claimed to provide a ''quasi-hydrostatic'' pressure, and no pressure medium was employed in the Raman measurements.
It is well established that the critical pressures for pressure-induced structural transitions significantly depend on shear stresses transmitted by the pressure medium [11] , and hence, using noble gases as pressure-transmitting media, it is possible to explore if a pressure-induced amorphization is due to the use of an unsuitable pressure medium.
Here, we present high-pressure single-crystal data which unambiguously show that when neon is employed as a pressure medium, Sm 2 Ti 2 O 7 -pyrochlore remains cubic up to at least 50 GPa and that there is no indication for any pressure-induced disorder or amorphization during cold compression. We complement the experiments by density functional theory (DFT)-based model calculations, in order to better characterize the compression mechanism and the elastic properties of Sm 2 Ti 2 O 7 -pyrochlore.
Experimental

Growth of single crystals
Sm 2 Ti 2 O 7 single crystals were grown by the optical floating zone method in a 4-lamp (halogen) furnace. Feed rods were produced from precursor powders of 3N and 4N purity for TiO 2 and Sm 2 O 3 respectively. The synthesis approach utilized in this study has been previously employed to study pyrochlores of similar composition [12] .
Synchrotron X-ray diffraction experiments
A small single crystal (20 lm Â 20 lm Â 10 lm) of Sm 2 Ti 2 O 7 was cut from a slice of a large single crystal. The sample crystal was loaded together with ruby chips for pressure determination [13] into a hole of 110 lm diameter in a rhenium gasket preindented to a thickness of 39 lmin a Boehler-Almax diamond anvil cell equipped with conical diamonds of 300 lm culet diameters [14] . Neon was loaded at a pressure of 0.18 GPa within a pressure vessel as a pressure-transmitting medium.
Single-crystal synchrotron X-ray diffraction was performed on the General Purpose Table at the Extreme Conditions Beamline P02.2 at PETRA III (DESY-Photon Science, Germany) [15] . The synchrotron beam of 42.86 keV (k ¼ 0:28928 Å ) was focused to a spot of about 9 lm (H) Â 3 lm (V), originating from a compound refractive lens system. Diffraction images were collected at 36.4(3) and 49.9(3) GPa with a PerkinElmer XRD1621 flat-panel detector and transformed into the CrysAlis Pro Esperanto format according to the procedure described by [16] . An
), with a step size of 1 and an exposure time of 15 s per frame followed by cleaning images collected for 25 s per frame was used. The sampleto-detector distance of 400.933 mm was calibrated using a CeO 2 standard (NIST 674a). The converted detector images were processed with the CrysAlis Pro software package (version 171.36.28) [17] for indexing Bragg reflections, intensity data reduction, and absorption correction. Crystal structures were refined with SHELXL97-2 [18] , operated using the WinGX interface [19] . The refinement parameters and some results are presented in Table 1 . The weighted R-factor wR and goodness of fit S are based on F 2 . The final refinement was carried out with anisotropic displacement parameters for all atoms. An extinction correction was applied.
Computational details
All calculations in the current study were performed using the CASTEP package [20] . The Wu-Cohen generalized gradient approximation [21] , and the ''on the fly'' pseudopotentials from the CASTEP database were employed throughout. The kinetic energy cutoff which defines the size of the plane-wave basis set was 800 eV. Distances between k-points for Brillouin zone sampling were \0.025 Å À1 . The elastic stiffness coefficients were obtained from stress-strain relations.
Results and discussion
Typical diffraction patterns at %50 GPa are shown in Fig. 1 . The volume-pressure relation is shown in Fig. 2 . The single-crystal diffraction study allowed the determination of the one free structural parameter. Hence, in the current study, we can investigate the compression of the individual bond lengths. The pressure dependence of the individual bond lengths is shown in Fig. 3 .
The agreement between the experimentally observed and theoretically predicted bond lengths is, especially at high pressures, very satisfactory. The computed elastic stiffness coefficients are c 11 ¼ 312ð3Þ GPa, c 44 ¼ 99ð4Þ GPa, c 12 ¼ 124ð2Þ GPa. The bulk modulus obtained from the stress-strain calculations was 187(1) GPa, in excellent agreement with the value obtained from a fit to the compression data with a third-order BirchMurnaghan equation of state, EOS, which yielded V o = 1056.56(4) Å 3 , B ¼ 185:4ð2Þ GPa and B 0 ¼ 4:28ð1Þ. The ambient pressure volume is well established by several independent measurements (see data in [22] and [23] ) as 1071 Å 3 . The DFT value (1056.6 Å 3 ) differs from this value by 1.4 %. Similarly, the DFT calculations give volumes too small by 2.5 % and 2.8 % with respect to the corresponding experimental values at 36.4 and 49.9 GPa, respectively. In order to compensate for this systematic error, we shifted the fitted EOS curve, and Fig. 2 shows that the resultant curve describes the new experimental data well. This implies that the bulk modulus obtained from the DFT model is reliable, and hence, we conclude that a value of B %185 GPa is to be preferred over the older value of 165 GPa [7] .
The new value is more consistent with an expectation based on the general trend of B(V)inA 2 B 2 O 7 -pyrochlores.
In Fig. 4 we have plotted published values of B(A 2 B 2 O 7 ) as a function of unit cell volume. Chung [24] discussed that for isostructural compounds, in a first approximation, the product of the unit cell volume and bulk modulus should be constant. The scatter in the B(V) relationship is to be expected, as different EOS have been used for the fits. Typically, data have been collected only at very few pressure points, and uncertainties due to the significant [23] and [22] correlation between B and B 0 [26] will then cause some scatter. Clearly, more data with higher accuracy are required to better understand the origin of the scatter in the BðVÞ-relation. As pyrochlores seem to be very sensitive to pressure-induced strains, it seems to be mandatory to perform new measurements with neon or helium as a pressuretransmitting medium.
Nevertheless, the available data cluster around the line describing a B Á V = const relationship. It should be noted that we have excluded some published data. Specifically, the data by Surble et al. [5] , who obtained a bulk modulus of 252(6)-255(10) GPa with B 0 = 0 for Ce 2 Zr 2 O 7 , as the latter value is unphysical. Also, Surble et al. [5] found that for Nd 2 Zr 2 O 7 B = 140-145 GPa with B 0 = 11-14. This is puzzling, as Surble et al. [5] observed a pressure-induced structural phase transition. If the high-pressure phase would be due to a displacive phase transition, one would expect an elastic softening of the low-pressure phase close to the transition pressure. If the phase transition is reconstructive, as seems to be implied by the 19 % volume decrease and the large pressure interval over which the high-and low-pressure phase coexist, a very large B 0 would be very unusual.
Theoretical data, e.g., by [27] o r [ 28] , are also systematically displaced with respect to the curve shown in Fig. 4 and hence have also been excluded. It is well known that in stress-strain calculations the choice of the xc-functional may lead to a systematic deviation from experiment, and a further reason for systematic deviations is that the elastic behavior of compounds is generally computed in the athermal limit, while the experimental data points are collected at ambient temperature.
Conclusion
The current study convincingly demonstrates that there is no pressure-induced amorphization or anion disordering in Sm 2 Ti 2 O 7 at pressures up to 50 GPa on cold compression when using neon as a pressure-transmitting medium. Hence, the findings of [6] and [7] concerning the pressureinduced amorphization and anion disorder are likely to be due to the use of aluminum as a pressure-transmitting medium. The bulk modulus of Sm 2 Ti 2 O 7 is %185 GPa, and the pressure derivative of the bulk modulus is slightly larger than 4. As pyrochlores seem to be very sensitive to nonhydrostatic conditions, neon or helium should be employed in future experiments.
